An intravenous step-down infusion procedure that maintained a constant gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA) blood concentration and magnetic resonance imaging (MRI) were used to localize and quantify the blood-brain barrier (BBB) opening in a rat model of transient cerebral ischemia (n = 7). Blood-to-brain influx rate constant (K i ) values of Gd-DTPA from such regions were estimated using MRI-Patlak plots and compared with the K i values of Gd-[ 14 C]DTPA, determined minutes later in the same rats with an identical step-down infusion, quantitative autoradiography (QAR), and single-time equation. The normalized plasma concentration-time integrals were identical for Gd-DTPA and Gd-[ 14 C]DTPA, indicating that the MRI protocol yielded reliable estimates of plasma Gd-DTPA levels. In six rats with a BBB opening, 14 spatially similar regions of extravascular Gd-DTPA enhancement and Gd-[ 14 C]DTPA leakage, including one very small area, were observed. The terminal tissue-plasma ratios of Gd-[ 14 C]DTPA tended to be slightly higher than those of Gd-DTPA in these regions, but the differences were not significant. The MRIderived K i values for Gd-DTPA closely agreed and correlated well with those obtained for Gd-[ 14 C]DTPA. In summary, MRI estimates of Gd-DTPA concentration in the plasma and brain and the influx rate are quantitatively and spatially accurate with step-down infusions.
Introduction
The most commonly used magnetic resonance contrast agents (MRCAs) comprise gadolinium (Gd) linked to a chelating compound, such as diethylenetriaminepentaacetic acid (Gd-DTPA). Such chelates very slowly, if at all, penetrate the normal bloodbrain barrier (BBB) . In cerebrovascular disorders, including stroke, the BBB is partially or completely opened in at least a part of the affected brain, and the MRCA leaks into the tissue at the sites where the opening is sufficient. This occurrence can be visualized using magnetic resonance imaging (MRI) as a region of contrast enhancement (Elster and Moody 1990; Esser et al, 1996; Larsson et al, 1990; Niendorf et al, 1985; Virapongse et al, 1986; Warach and Latour 2004; Weinmann et al, 1984) . During the acute phase of experimental stroke and reperfusion in animals, a relatively modest increase in BBB permeability seems to precede parenchymal hemorrhage (Hamann et al, 1999; Knight et al, 1998) ; the same is observed in human stroke (Hjort et al, 2008) . Early detection and accurate measurement of such damages are deemed crucial for screening patients for thrombolytic therapy and for minimizing the incidence of parenchymal hemorrhage, which is the major drawback of this treatment (Hjort et al, 2008) .
When influx is quantified properly, the rate of MRCA leakage into this region yields a blood-tobrain transfer constant (K i ) of Gd-DTPA, which is a function of permeability-surface area product and blood flow (Ewing et al, 2003a; Tofts and Kermode 1991) . The advantage of estimating K i is that the permeability-surface area product of the MRCA to the BBB can be determined using the Renkin-Crone equation, when the rate of blood flow is known Crone, 1963; Renkin, 1959) . In a few experimental studies, MRI estimates of the K i of Gd-DTPA have been compared with those of either 14 C-sucrose or [ 14 C]a-aminoisobutyric acid (Kenney et al, 1992; Preston and Foster, 1993) , sometimes obtained minutes later using quantitative autoradiography (QAR) in the same animal (Ewing et al, 2003a; Ferrier et al, 2007; Knight et al, 2005a) . These findings have shown that the K i of Gd-DTPA measured using MRI in brain tumor and stroke models correlates well with that of either 14 C-sucrose or [ 14 C]a-aminoisobutyric acid found in the same areas using QAR. However, there are two important differences in the MRI and QAR parts of these experiments. First, the same tracer was not used in both measurements. Second, K i for the Gd-DTPA plasma and tissue data was determined using Patlak plots , whereas it was assessed using the single-time equation for the radiotracer plasma and QAR data. The purpose of this study was to eliminate the MRCA-radiotracer differences and to compare MRI and QAR assays of plasma and brain concentrations of Gd-DTPA and its radio-labeled analog, Gd-[ 14 C]DTPA, both intravenously infused with a step-down protocol that produced a nearly constant plasma concentration.
In both procedures, blood levels of the tracers were measured many times over the experimental period. From these data, the plasma concentration over time, constancy of concentration, area under the concentration-time curve (AUC), and normalized AUC were determined for both Gd-DTPA and Gd-[ 14 C]DTPA. The first comparison was made to determine whether the two AUCs were essentially identical, whereas the second was made to assess the comparability of the terminal tissue-plasma ratios of Gd-DTPA and Gd-[ 14 C]DTPA. After verifying the similarity of these parameters, the data were used to estimate K i , using Patlak plots (Ewing et al, 2003a; Knight et al, 2005a) for Gd-DTPA and the single-time equation for Gd-[ 14 C]DTPA. The findings were used to test the hypotheses that, for constant plasma concentration conditions: (1) MRI quantifies blood and tissue concentrations nearly as well as direct arterial blood sampling and QAR; (2) both procedures result in spatially identical images of BBB opening; and (3) blood-to-brain influx rate constants obtained from the two techniques are similar and well correlated.
Materials and methods

Experimental Model
All animal handling and surgical procedures were carried out under a protocol approved by the Institutional Animal Care and Use Committee. Male Wistar rats (Charles River Laboratories, Wilmington, MA, USA; B300 g; n = 7) were used in this study. Anesthesia with halothane (1.5%) in a N 2 O:O 2 (2:1) gas mixture was used throughout the surgical preparation and in the subsequent experimental period. One femoral artery and vein were cannulated for physiologic monitoring and MRCA injection, respectively. The rats underwent suture occlusion of the middle cerebral artery (MCA) for 3 h according to methods described in detail elsewhere (Ewing et al, 2003a; Fagan et al, 2003; Knight et al, 2005a; Nagaraja et al, 2008a Nagaraja et al, , 2008b . At 3 h, the suture was withdrawn to restore blood flow. Physiologic parameters such as blood pressure, blood gases, pH, glucose, osmolality, and hematocrit were measured during and after MRI.
Magnetic Resonance Imaging System and Protocol
All studies were carried out using a 7 Tesla, 20-cm bore superconducting Magnex magnet (Magnex Scientific Inc., Abingdon, UK) interfaced to a Bruker console (Bruker Biospin MRI, Inc., Billerica, MA, USA) and equipped with a 12 cm self-shielded gradient set capable of producing 25 Gauss/cm gradients with 100-msec rise times. Estimates of cerebral blood flow (CBF) and T 2 -weighted images were acquired 45 to 120 mins after MCA occlusion as described earlier (Ewing et al, 2003a (Ewing et al, , 2003b Knight et al, 2005b) .
After 3 h of occlusion, the rat was removed from the magnet, and the occluding suture withdrawn to begin reperfusion. The rat was returned to the magnet immediately afterwards. After reperfusion, the T 2 -weighted images and CBF data were acquired 30 to 120 mins thereafter. At B2.5 h after reperfusion, Gd-DTPA-based contrastenhanced MRI was carried out to localize extravascular enhancement and to quantify blood-to-brain transfer constants.
Gd-DTPA Administration
All reagents were purchased from Sigma-Aldrich (St Louis, MO, USA) and used as received. Solutions of Gd-DTPA and Gd-[ 14 C]DTPA were prepared in-house following published methods (Strich et al, 1985) ; Gd-DTPA concentration in the stock solution was 400 mmol/L. For the infusate, 300 mL of the stock solution was diluted to 5.0 mL with normal saline. The intravenous step-down infusion was carried out with a syringe pump (Model 944, Harvard Apparatus, South Natick, MA, USA) using a prescribed infusion schedule that quickly increased the concentration of Gd-DTPA in blood to a plateau level and maintained it nearly constant thereafter (Nagaraja et al, 2007; Patlak and Pettigrew 1976) .
Look-Locker Magnetic Resonance Imaging Quantification of T 1 After Gd-DTPA Infusion
Baseline T 1 -weighted spin-echo (TR/TE = 1,000/20 msecs) and Look-Locker (L-L) scans were collected before Gd-DTPA administration. Thereafter, the Gd-DTPA step-down infusion was begun. Estimates of the longitudinal relaxation rate, R 1 (R 1 = 1/T 1 ), were obtained using the L-L data at B3-min intervals for the next 21 mins. Data were obtained for five interleaved 2-mm-thick slices. The R 1 values for venous blood within the sagittal sinus were determined from the maps and used to construct the time course of MRCA, which was assumed to approximate the arterial input function (AIF). At the conclusion of the L-L series, a final postcontrast T 1 -weighted multislice spin-echo image set was obtained (Ewing et al, 2003a; Knight et al, 2005b) .
Magnetic Resonance Data Analysis and Selection of Regions of Interest (ROI)
All MRI data analyses were carried out on a SUN workstation (SUN Microsystems, Inc., Santa Clara, CA, USA). The MRI data were reconstructed using in-house software before applying the segmentation procedure. The data presented were taken from what will be referred to hereafter as the central slice (2.0 mm in thickness and extending from the bregma À1.85 to + 0.15 mm).
Patlak plots are graphs of the MRCA concentration in the brain at each time, t, divided by the plasma concentration at t [C p (t)], plotted against the AIF from zero to t, divided by C p (t) (Ewing et al, 2003a) . If the plot has a linear phase with a slope significantly greater than zero, then uptake has been irreversible over this period, and the slope equals the rate of influx, K i . Using this procedure, maps of K i were produced on a pixel-by-pixel basis for each experiment. The y-intercept of the linear portion of the Patlak plot of MRI data is a function of the distribution volumes of the protons affected by the plasma-contained MRCA within the field of observation. The volume fraction of these compartments was denoted by Patlak et al as V o , and the y-intercept is thus symbolized by V p + V o . The use of Patlak plots was validated by the linearity of the plots, as will be shown in the Results section. Ischemic brain regions with BBB opening were identified and segmented on the basis of Patlak plot-derived F-test maps (Ewing et al, 2006) . For this purpose, we considered two models: Model 1 with no influx (K i = 0 but (V p + V o ) > 0) and Model 2 (the original Patlak model) with appreciable MRCA influx (K i > 0 and V p + V o > 0) but little or no efflux. The pixel-by-pixel estimates of the sum-squared residuals of the data plotted, based on these two models, were used to compute and map the F-statistic. The null hypothesis in the F-test was that the two models are equivalent. Rejection of the hypothesis leads to the acceptance of Model 2 (the model with the smaller sumsquared residuals) for that pixel. The threshold F-value for the acceptance of leakage in a voxel was set at P = 0.01. The array of contiguous voxels of significant MRCA leakage formed each ROI. The F-test-segmented ROIs were mostly located in the core of the ischemic lesion as seen on histology.
Quantitative Autoradiography and Histopathology
The assessment of K i by QAR was begun minutes after the Gd-DTPA-enhanced MRI measurement. After removal from the magnet, the rat was placed on a water-heated mat and kept anesthetized using the halothane:N 2 O:O 2 gas mixture. After collecting an arterial blood sample for physiologic measurements, the intravenous step-down infusion of Gd-[ 14 C]DTPA (B80 mCi in 5 mL of a 40 mmol/L solution) was started, and timed arterial blood samples (B50 mL per sample) were taken to establish the AIF and AUC for Gd-[ 14 C]DTPA. The rats were decapitated immediately after collecting the last sample at 20 mins, and their heads were frozen instantly in 2-methyl butane cooled to BÀ451C using dry ice. The brains were processed using QAR following published procedures (Knight et al, 2005a; Nagaraja et al, 2005) . Briefly, the frozen 20-mm-thick brain sections were cut in sets of five at 400-mm intervals. The first and last sections were picked up on numbered slides and stained with cresyl violet (CV). The middle three sections were affixed in the order of sectioning to cardboard sheets and, along with 14 C-calibration standards, were exposed to Kodak MR2000 autoradiography film (Eastman Kodak Co., Rochester, NY, USA). After B25 days, the films were developed to produce autoradiograms (ARGs) of the brain sections. The ARG images of those sections corresponding to the MRI central slice were compared visually with those of the MR-based K i maps to confirm the spatial correlation of leakage patterns.
Using a computerized image analysis system (Model AIS, Imaging Research, St Catharines, ON, Canada), optical densities were determined within the ipsilateral ROIs and topographically matching areas on the contralateral side, and converted to a concentration of radioactivity (nCi/g tissue) using a curve generated from the 14 C-standard data. A correction for intravascular radioactivity was carried out by subtracting the 14 C-radioactivity of the contralateral side from that within the ipsilateral ROI. The resultant radioactivities were averaged across the five, 400 mm-apart ARG images that lay within the 2-mm-thick central slice of the L-L-T 1 WI maps. Estimates of K i were made by dividing these corrected and averaged tissue radioactivities (nCi/g) by those of the AUC (nCi/mL per min); this is the singletime equation .
The terminal volume of Gd-[ 14 C]DTPA distribution (V R ) was measured within each ROI by dividing the total tissue radioactivity by that of the final (20 mins) plasma sample (nCi/mL) . Following the same procedure, the plasma and tissue DR 1 data at 20 mins were used to calculate the V R of Gd-DTPA for each ROI. The image analysis system was also used to measure brain swelling, tissue damage (area of pallor) from the CVstained sections, and BBB lesion volumes from the areas of Gd-[ 14 C]DTPA leakage on the ARGs following published methods (Knight et al, 2005a) .
Data Analysis
All data are given as mean ± s.d. or ± s.e.m. Differences between the mean parameter values derived from MRI and QAR were compared using Student's t-tests and significance was inferred at Pp0.05. Scatter plots and linear regression analyses were used to test the correlation between the K i derived from the two techniques, and significance was inferred at Pp0.05. The linear regression results were further confirmed using generalized estimating equations analyses to compensate for the fact that multiple ROIs were generated from the same brain slice. For this, the R 2 values from regression analyses were compared using generalized estimating equation-predicted R 2 values; a close agreement between the two was considered to confirm the veracity of the former (Montgomery and Peck, 1992) .
Results
General Observations
During the experimental period, the measured physiologic parameters were within the normal range for halothane-anesthetized rats both during and after MRI (Table 1) . After MCA occlusion, CBF in the ischemic parts of the preoptic area (PoA), striatum (Str), and parietal and insular cortex (PCx) dropped to B20% to 40% of the corresponding contralateral values. After reperfusion, CBF varied in these regions from 35% to 70% of the contralateral values. In addition, the ischemic status of the brain was confirmed by the measured T 2 and T 1 relaxation times as reported elsewhere (Nagaraja et al, 2007) .
Gd-[ 14 C]DTPA and Gd-DTPA Arterial Input Functions
The plasma Gd-[ 14 C]DTPA data indicate that the step-down infusion schedule on an average increased the concentrations at 30, 60, and 90 secs to B65%, 90%, and 100% of the steady-state value (B530 nCi/mL), respectively ( Figure 1) . Arterial concentration increased slightly from 90 to 120 secs, drifted slowly downward from 120 to 600 secs, and was nearly constant from 600 to 1,200 secs. The MRI estimates of plasma Gd-DTPA concentration of the venous blood of the superior sagittal sinus (SSS) are averages for each sampling period (B150 secs), and the group means are plotted in Figure 1 at the midpoint of each period. The first point (plotted at 75 secs) is at 90% of the steady-state DR 1 (last 5 to 6 points). The two sets of concentration points were made to roughly overlap by adjusting the ordinate scaling ( Figure 1) to facilitate visual comparison.
The two 20-min AUCs were normalized by dividing each AUC by its respective final plasma levels, yielding units of time for both. The mean (±s.e.m.) of these values were 1,203 (±100) secs for the MRCA-Gd-DTPA and 1,202 ( ± 49 ) secs for Gd-[ 14 C]DTPA.
Spatial Sensitivity, Patterns of Blood-Brain Barrier Opening, and Neuropathology
The MRI, QAR, and histologic images showed BBB opening and tissue injury (areas of pallor) in the PoA, Str, and PCx on the ipsilateral side (each marked by the large arrows in Figures 2A, 2B , 2D, and 2E). Apart from the stroke-affected brain areas, structures that normally lack a BBB, namely, the circumventricular organs, were also clearly visible by both MRI and QAR (thin arrows in Figures 2B and 2E ). On the contralateral side, a thin cortical rim of brightness was produced by the MRCA and radiotracer within the pial blood vessels. A small area of brightness along the ventral surface of the contralateral hemisphere was often observed in the vicinity of the optic chiasm, circle of Willis, the cavernous sinus (venous blood), and the median eminence (a circumventricular organ) by both MRI and QAR; this feature is indicated by asterisks in Figures 2B and 2E . The F-test-segmented ROIs were mostly located in the core of the ischemic lesion as seen on histology, and their location agreed with those observed in the accompanying ARGs of Gd-[ 14 C]DTPA distribution. The capability of MRI with the step-down infusion of Gd-DTPA to find areas of leakage seemed to be similar to that of QAR. In six of the rats, virtually identical areas of BBB opening were observed using both MRI and QAR. No opening was found by either technique in the seventh rat. At least two separate areas of leakage were observed by both methods in five of these six rats. The distribution of the 14 areas of BBB opening was 6 in the PoA, 5 in the Str, and 3 in the PCx.
The chance of detecting a small BBB lesion using MRI with a step-down infusion of MRCA seemed to be quite good. For example, a small cluster of contiguous contrast-enhanced pixels was observed by MRI in the PCx (the right solid arrow in Figure  3A ). The groups of five autoradiographic images and five adjacent histologies, which come from tissue sections taken within the MRI slice, show a small, punctate area of leakage of Gd-[ 14 C]DTPA in the first two ARGs (Figure 3B and 3D ) and a similar area of pallor in the adjacent histologies ( Figure 3C and 3E ). This lesion did not extend into the remaining three ARGs and their histologies.
Brain swelling (vasogenic edema) distorted the ipsilateral hemisphere, seemingly involved nearly all of the PoA, Str, and PCx in most studies, and caused considerable midline displacement ( Figure 2F ). The mean volume of swelling was 45 ( ± 30) mm 3 . In most cases, the area of pallor extended from the PoA through to much of the Str and sometimes included a part of the PCx (Figure 2C and 2F) . Vacuolation (cytotoxic edema) was evident at the microscopic level in most of this area (data not shown). The areas of tissue injury as indicated by pallor (110 ± 90 mm 3 ) closely matched those of BBB opening (95±90 mm 3 ), which were observed in the ARGs but were always larger than the latter (e.g., Figure 2C versus 2B).
Comparison of Transfer Constant Values From Magnetic Resonance Imaging and Quantitative Autoradiography
Similar to the plasma concentration and the AUC, the validity of the estimate of the tissue Figure 2 Examples of blood-brain barrier (BBB) opening as visualized by the MRI central slice (A and D) and QAR (B and E) and the corresponding area of stroke injury as demarcated by histologic pallor (i.e., light staining; C and F). The data are from two different rats. The QAR images were inverted to make the dark leakage regions appear bright to match the hyperintensities that indicate contrast enhancement on magnetic resonance images. Panels A (K i map) and B (corresponding ARG, central of the five that were cut from the tissue spanned by the 2-mm-thick MRI slice) show a BBB lesion that spreads across the preoptic area (PoA) into the striatum (Str) in one of the two rat brains. Large, white arrows point to the areas of abnormal brightness. Although not apparent from the figure, the degree of brightness on the ARG was not uniform and implies some variation in the BBB opening within this tissue. Panel C shows a CV-stained section obtained adjacent to the ARG of panel B with a large area of pallor. The latter was similar in location to the BBB lesion in panel B, but somewhat larger in size. Regions that normally lack a BBB (circumventricular organs or CVOs) are marked by thin arrows. Panels D and E are from a different animal and display a large area of BBB opening that comprised virtually contiguous parts of the PoA, Str, and cortex (PCx); they are marked by the lower, middle, and upper broad arrows, respectively. Panel F is the corresponding histology with a very large area of pallor that extended across all three ROIs. The latter also showed considerable swelling of the ischemic (right) hemisphere and midline displacement. concentration of Gd-DTPA using MRI was tested against that of Gd-[ 14 C]DTPA using QAR. This was carried out by comparing the terminal tissue-plasma ratios, V R , of Gd-DTPA and Gd-[ 14 C]DTPA. As the amount of both is relatively high in the lesion and has a good signal-to-noise ratio, only the data from the 14 ROIs, and not from the rest of the brain, were used for this exercise.
Before proceeding, three facts regarding the V R calculation need to be noted. First, the MRCA studies were started B2.5 h after initiating reperfusion, and the QAR part of the experiment was begun B30 mins later. As the two sets of data were not obtained simultaneously, the BBB permeability and influx may have differed between the two measurements. Second, the Gd-DTPA and the Gd-[ 14 C]DTPA are present in both intravascular and extravascular compartments of the tissue sampled using both techniques. Third, the change in relaxation detected by MRI is that of the protons affected by Gd; the concentration of Gd-DTPA is not measured directly. The mean V R values were slightly higher for Gd-[ 14 C]DTPA than for Gd-DTPA for the three ROIs (Table 2) , but none of these differences were statistically significant. In view of these findings and of the three considerations given above, the tissue concentration of the MRCA seems to be fairly accurately measured using our MRI technique.
For all three ROIs, Patlak plots of the Gd-DTPA were linear for the 20-min experimental duration (see Figure 4 , for an example), indicating that the uptake of this MRCA was functionally unidirectional or irreversible and that the slopes demarcate the influx rate. For the QAR estimation of K i by the single-time point equation, the backflux of Gd-[ 14 C]DTPA was assumed to be negligible and the Patlak plot data supported it. For all three ROIs, the values of K i for Gd-[ 14 C]DTPA tended to be higher than those of Gd-DTPA, but were not significantly different (Table 3) . It is of relevance that this tendency in the K i numbers parallels that reported above for V R . The estimates of K i of Gd-DTPA correlated well with those of Gd-[ 14 C]DTPA Figure 3 Examples of blood-brain barrier (BBB) opening as observed by an MRI central slice (A) and the five ARGs (B, D, F, H, and J) that spanned the 2-mm-thick MRI slice and the adjacent histologies (C, E, G, I, and K). Panel A is a K i map. The two thick arrows indicate a sizable BBB lesion in a part of the PoA and Str (lower arrow) and a small area of BBB opening in the parietal cortex (upper arrow). The ARG images show that the PoA-Str area of Gd-14 C-DTPA leakage extended through B80% of the MRI slice (panels B, D, F, and H). The small cortical BBB lesion was observed only in ARGs, B and D (large arrow on the right), most prominently in panel D. The histologies show that the PoA-Str area of tissue pallor was large and visible through all five sections, whereas just a small, < 1.0 mm-wide area of pallor was found within PCx (panels C and E, which correspond to ARGs, B and D, respectively). The latter implies that the sensitivity of MRI to small areas of the BBB opening was very good, with the step-down infusion, approaching that of QAR. Table 2 The mean (±s.d.) terminal brain-plasma distribution ratios (V R ; mL/g per ROI) obtained for the three regions of interest (ROIs), i.e., preoptic area (PoA), striatum (Str), and parietal-insular cortex (PCx) by magnetic resonance imaging (MRI) method and quantitative autoradiography (QAR) method V R (mL/mL or mL/g) per ROI a
Method
PoA (6) Str (5) PCx (3) MRI (mL/mL) 0.09±0.02 0.07±0.02 0.07±0.03 QAR (mL/g) 0.10 ± 0.3 z 0.09 ± 0.03 z 0.09 ± 0.04 y
The sample size (n) is given in parentheses next to the ROI name. z P = 0.47; z P = 0.25; y P = 0.45. a The specific gravity of brain is slightly > 1, and V R of MRI and QAR are essentially volume fractions.
(PoA: R 2 = 0.95, P = 0.001; Str: R 2 = 0.77, P = 0.05). Their generalized estimating equation-predicted R 2 values were 0.94 and 0.68, respectively. There were insufficient data from PCx for such analysis. The overall correlation (R 2 ) for all the data combined was 0.64 (generalized estimating equation-predicted R 2 being 0.61) with P = 0.001. The other parameter obtained by the Patlak plot, V p + V o , varied somewhat among the three brain regions. The mean (±s.d.) volume fractions were 0.039 (±0.014; n = 6) for PoA, 0.014 (±0.008; n = 5) for Str, and 0.029 ( ± 0.013; n = 3) for PCx. The difference in V p + V o was significant between PoA and Str (P < 0.05) but not for any other paired comparison.
Discussion
The purpose of this study was to test the accuracy of MRI estimates of blood and brain concentrations and the blood-to-brain influx rate constant in cerebral ischemia for Gd-DTPA. The plasma concentrationtime integral, the terminal tissue-to-plasma ratio, and blood-to-brain influx of Gd-DTPA assayed using MRI were compared with those of its radio-labeled analog, Gd-[ 14 C]DTPA, obtained minutes later using QAR and arterial blood sampling. To the best of our knowledge, this is the first comparative study using virtually identical Gd-analogs and step-down infusion for MRI and QAR.
Despite the difference of B30 mins between the two measurements, the two different sites of blood sampling, and the dissimilar durations of blood sampling periods, the MRI and QAR points scattered around each other and were fairly close as shown in Figure 1 . Thus, the sagittal sinus imaging of venous blood effectively captured the MRI-AIF images from the first comparison.
The quantification of the AUCs was the second comparison. As the Gd[ 14 C]DTPA data produce an accurate measure of the plasma concentration-time curve, the near-perfect agreement between these two normalized AUCs indicates that (1) the step-down procedure produced similar blood-time courses; and (2) these MRI estimates of plasma concentration are quite good. Accordingly, if any significant differences in the K i values are found between the MRI and QAR estimates, then they are almost certainly not because of dissimilarities between the MRCA concentration in the superior sinus venous blood and the radiotracer in the femoral artery blood. It is of relevance to this that the venous blood in the SSS has passed through the vasculature of the cerebral cortex and through the underlying white matter before being collected by the superficial veins. The decrease in concentration between arterial and SSS blood would be expected to be very small because (1) the SSS blood does not come from the microvascular networks of the circumventricular organs, which are highly permeable; (2) the blood traversing the leaky microvascular systems of the PoA and Str flows into the deep cerebral veins and great veins and not into the SSS; and (3) the small transcapillary loss of MRCA in the tiny ischemia-damaged areas of the PCx (observed in only three experiments) would result in little decrease of concentration in the large volume of blood coming into the sinus from the rest of the cortex and subcortex, including that from the contralateral hemisphere. The ordinate is the Gd-DTPA concentration in the tissue at time t, (C t ) divided by the plasma concentration at that time [C a / (1ÀHct)], where C a is the concentration in whole blood within the superior sagittal sinus and Hct the hematocrit. The abscissa is labeled t plot and represents the plasma concentration-time integral up to t divided by [C a /(1ÀHct)] at t. The contralateral points form a straight line with zero slope, indicating no detectable Gd-DTPA leakage. The points for the ipsilateral PoA, PCx, and Str formed straight lines with virtually identical K i values, around 0.0024 mL/g per min. The y-intercepts represent the volume of rapid distribution of the MRCA-affected protons in plasma (V p ) and in other intravascular compartments (V o ). In this example, V p + V o was lowest for the contralateral brain (0.017 mL/g brain) and for Str (0.020 mL/g) and highest for PoA (0.032 mL/g). The plotted points extend along the x-axis, t plot , up to nearly 1,000 secs, which was appreciably less than the real time of the experiment, B1,200 secs. Table 3 The mean ( ± s.d.) blood-to-brain influx constants (K i ;
Â 10 À3 mL/g per min) obtained for the three regions of interest (ROIs), i.e., preoptic area (PoA), striatum (Str), and parietalinsular cortex (PCx) from magnetic resonance imaging data and Patlak plots (MRI method) and quantitative autoradiographic data and the single-time equation (QAR method) K i ( Â 10 À3 mL/g per min)
Method
PoA (6) Str (5) PCx (3) MRI 3.6±1.3 3.3±1.1 2.8±1.2 QAR 4.5±1.2 z 3.9±1.3 z 3.7±1.3 y z P = 0.15; z P = 0.27; y P = 0.25. The sample size (n) is given in parentheses next to the ROI name.
The third comparison was based on the terminal tissue-plasma distribution ratio, V R , which was B20% larger for Gd-[ 14 C]DTPA than for Gd-DTPA. This difference was not statistically significant. The tendency toward higher V R values for Gd-[ 14 C]DTPA may be the result of a small increase in BBB permeability between the time of the MRI and QAR measurements, B30 mins, resulting in a somewhat higher concentration of radiotracer than MRCA in the interstitium. Certainly, BBB permeability changes during the acute phase of reperfusion, and this may be in play in these experiments, similarly affecting the estimation of both V R and K i (see below) of Gd-[ 14 C]DTPA.
The models, assumptions, and procedures for calculating K i vary between MRI-MRCA and QARradiotracer procedures. Even though the raw data may be accurate, robust, and essentially identical, differences between the two sets of K i values can arise because of these variations in the methods of calculation. Patlak plots consist of the MRCA data. They determine the amount of Gd-DTPA-affected protons in the plasma and the reversible compartments, subtract that from the total amount in the tissue, and establish the period of irreversible uptake (i.e., of essentially no backflux). In contrast, the single-time equation is used to calculate K i from the Gd-[ 14 C]DTPA data. For this calculation, a correction for plasma radioactivity and irreversible uptake is assumed. In this instance, the contralateral brain radioactivity is assumed to provide the vascular space correction, and 20 mins is presupposed to be a period of unidirectional uptake. The assumption of irreversible or unidirectional uptake of more than 20 mins is supported by the Patlak plots, which indicated linearity of Gd-DTPA uptake for this period with the prescribed step-down infusion (Figure 4) .
The plasma space correction of the QAR data remains an assumption. It cannot be affirmed by the V p + V o defined by the y-intercept of the Patlak plot of MRCA data because that is a proton-not Gd-DTPAdistribution space and is larger than the plasma space, V p . As is commonly carried out in radiotracer studies, the contralateral brain 14 C-activity was assumed to provide the plasma-contained radioactivity correction to the ischemic lesion data for the single-time equation. If this correction is too small, then K i of Gd-[ 14 C]DTPA will be overestimated and higher than that of Gd-DTPA. This could account for the difference in K i values between the two techniques and tracers, but the modestly higher estimates of V R for Gd-[ 14 C]DTPA, reported above and calculated from uncorrected raw data, are a more plausible explanation for this discrepancy.
A final possible cause of the differences in estimates of K i (and V R ) is that the tissue sampling was not the same for the two techniques and tracers. A virtual, coronal tissue slice of 2.0-mm thickness was sampled by MRI. With QAR, a set of 20-mm-thick sections are taken at 400-mm intervals. Accordingly, the data from five of these sets that seem to lie within the 2.0-mm-thick MRI slice are averaged to result in the QAR estimate of radioactivity. Owing to dissimilar tissue sampling by the MRI and QAR techniques, some systematic differences in the determination of K i are to be expected.
It is important to note that in the one experiment with no tracer leakage, both techniques gave similar results. The absence of enhancement in this case was not because of very low CBF and the consequent limited delivery of Gd-DTPA or Gd-[ 14 C]DTPA. In this rat, after reperfusion of CBF for the PoA, the most commonly and most severely damaged region in these studies was B40% of the contralateral side, whereas it was B35% of the contralateral in the 6 rats that showed a BBB damage. The conclusion is that the BBB was intact in this ischemia-damaged tissue.
The other parameter obtained from Patlak plots is the y-intercept, which is a volume fraction, and produces the 'blood' subtraction for the calculation of influx rate constant when multiplied by C p (t). Using the present segmentation procedure, the proton volume fraction is that of plasma water and the reversible compartments within the arteries, arterioles, capillaries, venules, and veins within the ROI. This volume fraction ranged from 0.014 in the Str to 0.039 in the PoA on the ipsilateral side. Sizable signal-to-noise problems on the contralateral side led to rather poor Patlak plots and unacceptable estimates of V p + V o in all but five cases. The average value of V p + V o estimated from these five good plots was 0.016 ( ± 0.004). All that can be said with these limited results is that the distribution of the protons affected by intravascular Gd-DTPA may be different between the contralateral brain and at least some of the ischemia-damaged tissue.
For normal brain, the K i of 57 Co-DTPA was reported to be B2.4 Â 10 À5 mL/g per min and B1.4 Â 10 À5 mL/g per min for the cortex . In earlier MRI studies of the same model of MCA suture occlusion, reversible cerebral ischemia, the K i of Gd-DTPA, was found to be 4.1 Â 10 À3 mL/g per min by Ewing et al, 2003a and 7 .3 Â 10 À3 mL/g per min for the Str and 6.5 Â 10 À3 mL/g per min for the PoA by Knight et al, 2005a . These K i values for ischemiadamaged BBB and those in Table 3 are more than two orders of magnitude greater than the normal rat ones, but are still in the range relative to blood flow wherein they approximate the permeability-surface area product. As it is not likely that the surface area of the blood vessels (S) in the field of observation could have increased much over the experimental period, the increase in the permeability-surface area product must be mainly because of an increase in vascular permeability (P).
Patlak plots of the step-down infusion data brought out a feature of the abscissa that has not been noted earlier to the best of our knowledge; i.e., the time plotted on the x-axis (t plot ) was less than the real time. This happened because the concentration of Gd-DTPA in blood increased rapidly, but not instantly, during the first sampling period (150 secs), and then gradually increased for much of the rest of the experimental period (Figure 1 ). Using the set of average concentrations of Gd-DTPA in Figure 1 , the calculated t plot is 1,149 secs at the end, whereas the real time is 1,200 secs. The blood concentration for the experiment that produced the example Patlak plot (Figure 4 ) was 60% of the final level for the first sampling period; it rose gradually and reached terminal concentration by the fifth sampling period, and remained constant thereafter. This produced a t plot of 971 secs, which is B80% of the real time. This could probably be improved by increasing the accuracy of the infusion rate using a programmable pump.
In comparison, with a bolus injection, the concentration increased rapidly at first, reached a peak of B10 secs, and decreased continuously thereafter. With such data, t plot will be greater than real time. In this situation, t plot has come to be referred to as stretch time or t stretch (Ewing et al, 2003a) . With a perfect step increase and maintenance thereafter of this concentration, t plot equals real time. This is nearly the case for the MRCA data plotted in Figure 1 , wherein t plot was 96% of real time.
The spatial resolving power of QAR is excellent. Pathophysiological lesions of B0.5 Â 0.5 Â 0.4 mm 3 (0.10 mm 3 ) can be observed using this approach, and radioactivity assayed therein with accuracy. The results of this study show that the step-down infusion-MRI technique yields images in which relatively small areas of BBB opening within the 2.0-mm coronal slice can be spotted. To illustrate this, a small cortical area of Gd-DTPA leakage is shown in the K i map of Figure 3A , and this lesion was also observed in the first two sets of ARGs ( Figure 3B and 3D) but not in the others. Thus, it spanned less than half of the 2-mm-thick MRI slice and had a volume of B0.5 mm 3 . An earlier study explored the spatial limits of Gd-DTPA contrastenhanced MRI after a bolus injection and found that a BBB lesion had to span a major part of the 2.0-mmthick brain slice for visualization (Knight et al, 2005a) . However, it is to be noted that leakage regions were segmented using a different procedure in the former study (Knight et al, 2005a) , whereas quantitative F-test-based Patlak maps were used in this study. This segmentation dissimilarity may account for some of the perceived differences in spatial resolution between the two modes of MRCA administration.
In support of this suggestion, BBB openings that were not observed with bolus injections have been detected by constant-rate MRCA infusion during subchronic human stroke (Merten et al, 1999) . In addition, we observed greater contrast enhancement in a rat model of acute stroke with a step-down infusion of Gd-DTPA than with a bolus injection (Nagaraja et al, 2007) . In this study, both MRCA stepdown infusion of more contrast agent and the F-testbased segmentation procedure may have contributed toward the better spatial resolution. If confirmed by further experiments, the step-down infusion technique, in combination with Patlak plots and F-test segmentation of the K i maps, may become very useful in localizing punctate BBB lesions observed in conditions such as multiple sclerosis and Parkinson's disease (Correale and Villa 2007; Desai et al, 2007) . Despite its potential advantages, the stepdown method may, however, be contraindicated in cases in which impaired renal function is observed. Loading the body with Gd-DTPA, which is cleared primarily by the kidneys, is not advisable under these circumstances (Dawson, 2008) . Instead, magnetization transfer-based noncontrast magnetic resonance techniques (Ding et al, 2005; Nagaraja et al, 2008a ) may be used in such subjects for characterizing BBB dysfunction.
The efficacy of a bolus plus infusion technique that resulted in steady blood tracer levels has been shown in positron emission tomography (Carson et al, 1993; Watabe et al, 2000) . Advantages of an increased Gd dose have been shown in characterizing tumors in the past (Ba-Ssalamah et al, 2003; Bruening et al, 2000) , but the application of a comparable approach in acute stroke has not been fully explored. To summarize this study, the normalized plasma concentration-time integrals were identical for Gd-DTPA and Gd-[ 14 C]DTPA, indicating that the MRI protocol yielded reliable and comparable estimates of plasma Gd-DTPA levels. Both contrast enhancement of Gd-DTPA (MRI) and leakage of Gd-[ 14 C]DTPA (QAR) were observed in six of the seven rats. Such areas of BBB opening, including the very smallest one, were similar in size and location in the MRI and QAR images. The terminal tissue-plasma ratios of Gd-[ 14 C]DTPA and Gd-DTPA in these areas were well correlated, but the radiotracer ratios tended to be slightly higher than the MRCA ones. The MRI-derived K i values for Gd-DTPA closely agreed and correlated well with those obtained for Gd-[ 14 C]DTPA by QAR. These findings support the working hypothesis that the MRI estimates of Gd-DTPA concentration in the plasma and brain and of blood-to-brain influx of this MRCA with a step-down infusion are quantitatively and spatially accurate with this protocol.
